Liver abscesses in slaughtered beef cattle result from aggressive grain-feeding programs. The incidence, averaging from 12 to 32% in most feedlots, is influenced by a number of dietary and management factors. Liver abscesses represent a major economic liability to producers, packers, and ultimately consumers. Besides liver condemnation, economic impacts include reduced feed intake, reduced weight gain, decreased feed efficiency, and decreased carcass yield. Fusobacterium necrophorum, a member of the ruminal anaerobic bacterial flora, is the primary etiologic agent. Actinomyces pyogenes is the second most frequently isolated pathogen. Ruminal lesions resulting from acidosis generally are accepted as the predisposing factors for liver abscesses. F. necrophorum possesses or produces a number of virulence factors that participate in the penetration and colonization of the ruminal epithelium and subsequent entry and establishment of infection in the liver. However, only a few virulence factors have been characterized well. Control of liver abscesses in feedlot cattle generally has depended on the use of antimicrobial compounds. Five antibiotics (i.e., bacitracin methylene disalicylate, chlortetracycline, oxytetracycline, tylosin, and virginiamycin) are approved for prevention of liver abscesses in feedlot cattle. Tylosin is the most effective and the most commonly used feed additive. Tylosin feeding reduces abscess incidence by 40 to 70%. The mode of action of antibiotics in preventing liver abscesses is believed to be via inhibition of ruminal F. necrophorum. Protective immunity against F. necrophorum induced by a variety of antigenic components has ranged from ineffectual to significant protection.
Introduction
Liver abscesses can occur at all ages and in all types of cattle, including dairy cows, but they have the greatest economic importance for grain-fed cattle. Abscessed livers in slaughtered feedlot cattle are associated with an aggressive feeding program. Although liver abscesses have been reported around the world, they are most common in intensively fed beef cattle in the United States, Canada, Europe, Japan, and South Africa .
Liver abscesses are pus-filled, have capsules that vary in thickness, and range in size from a minute pinpoint to over 15 cm in diameter. The distribution of abscesses in the liver lobes shows no consistent pattern. Histologically, abscesses are composed of pyogranulomatous reactions with necrotic centers composed of degenerating hepatocytes and leukocytes. The capsule layer consists of fibrocytes, collagen, and elastic fibers (Lechtenberg et al., 1988) . The earliest lesion is a microabscess, possibly induced by an embolus of bacteria in the hepatic sinusoid; the lesion then progresses to coagulative necrosis by involving adjacent hepatocytes (Nakajima et al., 1986) . Subsequently, the lesion gradually changes into a pus-filled, encapsulated, true abscess. Based on experimental infections in mice and cattle, the change from coagulative necrosis to abscess takes from 3 to 10 d (Jensen et al., 1954c; Abe et al., 1976b; Lechtenberg and Nagaraja, 1991) . Abscesses eventually become sterile; they are replaced by fibrous scars and eventually resorbed.
Incidence
The incidence of liver abscesses in specific groups of grain-fed cattle can range from 1 or 2% to as high as 90 or 95%. Generally, the incidence averages from 12 to 32% in most feedlots (Brink et al., 1990) . Wide variation in incidence indicates the involvement of a number of factors. Liver abscesses generally are the direct result of feeding practices; therefore, diet is probably a major factor influencing the incidence. The incidence is affected by the amount and possibly the type of roughage included in the finishing diet. Generally, the incidence and severity of abscesses increase as roughage level in the diet decreases (Harvey et al., 1968; Foster and Wood, 1970; Brent, 1976; Gill et al., 1979; Zinn and Plascienca, 1996) . High roughage levels promote a more stable ruminal fermentation and decrease the variation in feed intake, thereby lowering the incidence of acidosis and rumenitis. However, some studies have reported no difference in liver abscess incidence with 0% roughage diets vs diets containing 3 to 15% roughage fed throughout the finishing phase (Kreikemeier et al., 1990; Stock et al., 1990) . Besides the amount, the physical characteristics of the roughage may have an influence on the incidence of liver abscesses. Utley et al. (1973) reported that 3.7% of the steers fed 80% concentrate and 20% whole peanut hulls had liver abscesses, but when hulls were ground or pelleted, the incidence increased to 56 and 59%, respectively. Cattle fed dry hay tended to have a higher incidence of liver abscesses than cattle fed silage as the roughage source (Mader et al., 1991b (Mader et al., , 1993 . Increased feed sorting in diets containing dry roughage (compared to silage) possibly contributes to ruminal acidosis and subsequent liver abscesses. Grain type also has an influence on the incidence of liver abscesses (Hale, 1985) . Grains that are categorized as "rapidly fermented," such as wheat, barley, high-moisture corn, and steamflaked corn, promote greater fluctuations in ruminal pH and intake; this leads to acidosis, rumenitis, and, subsequently, to liver abscesses Stock et al., 1987 Stock et al., , 1990 . Grain processing, particularly gelatinization of the starch granules, increases the rate of ruminal fermentation of the starch and, therefore, increases the probability of acidosis and liver abscesses. However, evidence to link the incidence of liver abscesses to the rate of ruminal fermentation of starch is inconsistent. Stock et al. (1990) have reported a numerically higher incidence of severe abscesses (A+) with a mixture of dry-rolled corn and dry-rolled wheat compared to dry-rolled corn alone, but Ladely et al. (1995) observed a higher incidence of liver abscesses in cattle fed a corn hybrid with intermediate rate of starch fermentation than in cattle fed a hybrid with a fast rate of fermentation in the rumen. Mader et al. (1991a) reported a higher percentage of liver abscesses in cattle fed highmoisture corn than in cattle fed dry-rolled corn, but Stock et al. (1991) observed no difference between dry-rolled corn and high-moisture corn fed whole rolled or in combination with dry-rolled corn.
The incidence of liver abscesses is somewhat higher for feedlot steers than for heifers, and Holsteins have a higher incidence than beef breeds . The higher incidence in Holsteins is not surprising; most Holsteins are on feed much longer, and generally they have higher feed intake than beef steers of equal starting weight (average of 12% higher; Hicks et al., 1994) . Also, Holsteins may have a higher incidence of digestive upsets and deaths than beef cattle (Vogel and Parrott, 1994) . A slightly higher incidence (by 1 to 2%) in steers than in heifers is believed to be related to feed intake. Steers generally consume 1 to 3% more dry matter than heifers, and heifers generally mature earlier and tend to finish earlier than steers of a comparable weight (Dehaan et al., 1995) .
Because liver abscesses are secondary to acidosis and rumenitis, feeding practices such as rapidly increasing dietary energy and poor or inconsistent bunk management characterized by irregular feeding (both amounts and intervals) may prompt acidosis and rumenitis (Elam, 1976) and eventually lead to a higher incidence of liver abscesses. However, documentation linking incidence of liver abscesses to feeding practices, such as type of step-up, is lacking. Also unknown is why cattle in some pens of a particular feedlot may have a low incidence of liver abscesses whereas those in adjacent pens fed the same feed have an extremely high incidence.
Economic Importance
Liver abscesses are a major economic liability to producers, packers, and ultimately to consumers of beef. The National Beef Quality Audit (1995) indicated that liver condemnations (averaging 22.2% of slaughtered beef cattle in 1995) ranked second in a list of the top 10 concerns of the packers. Abscesses are the leading cause of liver condemnation in the United States (Figure 1 ; Montgomery, 1992) . The liver accounts for approximately 2% (by weight) of the carcass, by itself, this is a significant financial loss. However, the greatest economic impact of liver abscesses is from reduced animal performance and carcass yield. Cattle with abscessed livers have reduced feed intake, reduced weight gain, decreased feed efficiency, and decreased carcass dressing percentage. The reported effects of abscesses on animal performance have ranged from no effect (Smith, 1944; Wieser et al., 1966; Harman et al., 1989 ) to a depression in daily gain of as much as 11% and a decrease in feed efficiency of up to 9.7% (Brink et al., 1990) . These effects are evident primarily for cattle with the most severe abscesses (based on size and number), generally referred to as A+ (based on a scale of 0, A−, A, and A+; Brown et al., 1975) ; liver abscesses in the A− or A category have no measurable impact on performance. Brink et al. (1990) summarized data from 12 experiments evaluating the association of severity of liver abscesses with feed intake and feed efficiency involving 566 cattle individually fed a diet based on dry-rolled corn grain. Cattle with A+ liver scores were the only group that differed significantly from nonabscessed cattle in daily feed intake, daily gain, and gain to feed ratio (Table 1) .
Cattle with severe A+ liver abscesses also may require more carcass trimming because of adhesion of abscesses to the diaphragm and surrounding organs; in some instances, condemnation of the entire viscera is necessary. This costs packers money. In a study involving commercially fed cattle from seven feedyards in the Texas Panhandle area, the dressing percentage was 1.6% higher for the group with normal livers than for the group with A+ liver abscesses (Table 1; Montgomery, 1985) . Similarly, Brink et al. (1990) have documented a significant reduction in efficiency of feed utilization calculated from hot carcass weights in cattle with A+ liver abscesses. Accidental rupture of an abscess and contamination of a carcass with pus interrupt the flow of carcasses along the chain on the slaughter floor, thus causing loss of expensive time and labor.
Etiology
Bacterial Flora. Numerous investigators have evaluated the bacterial flora, both anaerobic and aerobic, of bovine liver abscesses (Scanlan and Hathcock, 1983; Lechtenberg et al., 1988; Nagaraja et al., 1996a; Tan et al., 1996) . Almost all studies have concluded that Fusobacterium necrophorum, previously named Sphaerophorus necrophorus, is the primary etiologic agent. This organism also is implicated as the primary pathogen in necrotic laryngitis (calf diphtheria), footrot, and foot abscesses in cattle (Emery et al., 1985; Tan et al., 1996) . The incidence of F. necrophorum from cultured liver abscesses has ranged from 81 to 100% of abscesses. In some instances, the organism has been involved as a single pathogen (Berg and Scanlan, 1982; Lechtenberg et al., 1988) , but often it was associated with a variety of other anaerobic and facultative bacteria (Scanlan and Hathcock, 1983) . Other bacteria isolated have included Actinomyces pyogenes, previously named Corynebacterium pyogenes (Calkins and Scrivner, 1967; Calkins and Dewey, 1968; Kanoe et al., 1976 Kanoe et al., , 1979 Simon and Stovell, 1971; Berg and Scanlan, 1982; Lechtenberg et al., 1988) ; Bacteroides spp. (Newsom, 1938; Simon and Stovell, 1971; Berg and Scanlan, 1982) ; Clostridium spp. (Simon and Stovell, 1971 ); Pasteurella spp. Simon and Stovell, 1971) ; Peptostreptococcus spp. (Kanoe et al., 1979; Berg and Scanlan, 1982) ; Staphylococcus spp. (Kanoe et al., 1976; Berg and Scanlan, 1982; Lechtenberg et al., 1988) ; Streptococcus spp. (Madin, 1949; Calkins and Dewey, 1968; Simon and Stovell, 1971; Lechtenberg et al., 1988) , and a variety of unidentified Gram-positive and Gramnegative bacteria. Table 2 shows a summary of the bacterial flora of liver abscesses from grain-fed cattle. In most situations, A. pyogenes is the second most frequent pathogen isolated from liver abscesses (Figure 2 ; Berg and Scanlan, 1982; Lechtenberg et al., 1988) . The origin of A. pyogenes and its pathogenic mechanism are not well understood, but evidence exists for pathogenic synergy between A. pyogenes and F. necrophorum (Roberts, 1967a,b; Takeuchi, 1983) .
Characteristics of F. necrophorum. F. necrophorum
was recognized as an animal pathogen in the late 1880s. It is a Gram-negative, nonmotile, nonsporulating, rod-shaped (pleomorphic) bacterium (Langworth, 1977) . The organism is anaerobic; the optimal redox potential of the culture medium for growth is in the range of −230 to −280 mV (Tan et al., 1992) . This species generally does not ferment any carbohydrates, although some strains ferment glucose weakly; its major energy substrate is lactic acid, which is fermented mainly to acetate, butyrate, and small amounts of propionate (Lechtenberg et al., 1988) . It also produces a number of proteases (Nakagaki et al., 1991; Tan et al., 1994c) .
Historically, F. necrophorum is classified into four biotypes/biovars: A, B, AB, and C (Langworth, 1977) . Biotype C is an avirulent type that has been reclassified as a new species, Fusobacterium pseudonecrophorum (Shinjo et al., 1990) . Biotypes A and B, the most frequent types encountered in liver abscesses, have been assigned subspecies status: subsp. necrophorum and subsp. funduliforme, respectively (Shinjo et al., 1991) . Biotype AB, isolated most frequently from foot lesions of cattle and sheep (Emery et al., 1985) , is encountered rarely in liver abscesses (Berg and Scanlan, 1982) . Its characteristics are intermediate to those of biotypes A and B . A phylogenetic analysis using the 16s rRNA gene sequences revealed a closer relationship of biotype AB to F. necrophorum subsp. funduliforme than to subsp. necrophorum (Nicholson et al., 1994) . The two subspecies differ in morphology, growth patterns, and biochemical and biological characteristics (Tan et al., 1994b; Nagaraja et al., 1996a) . Among the biological characteristics, toxin production and virulence are of relevance to their involvement in liver abscesses (Emery et al., 1986b; Tan et al., 1996) . F. necrophorum subsp. necrophorum has been isolated from 71 to 95% of liver abscesses, usually as a pure culture (up to 75%); subsp. funduliforme has been recovered from 5 to 29%, and only rarely as a pure culture (up to 22%; Figure 3 ; Lechtenberg et al., 1988) . This difference in the incidence of the two subspecies reflects differences in virulence and virulence factors.
Virulence Factors of F. necrophorum. Several toxins have been implicated as virulence factors in the pathogenesis of F. necrophorum infections (Tan et al., 1996) . These include leukotoxin (Roberts, 1967a,b; Coyle-Dennis and Lauerman, 1978; Tan et al., 1992 Tan et al., , 1994b ; endotoxic lipopolysaccharide (Garcia et al., 1975b; Warner et al., 1975; Inoue et al., 1985) ; hemolysin Amoako et al., 1994; Tan et al., 1994b) ; hemagglutinin Iwaki, 1986, 1987) ; capsule (Brook and Walker, 1986; Emery, 1989; Garcia et al., 1992) ; adhesions or pili (Miyazato et al., 1978; Nagai et al., 1984; Emery, 1989; Shinjo and Kiyoyama, 1986) ; platelet aggregation factor (Forrester et al., 1985; Kanoe and Yamanaka, 1989) ; dermonecrotic toxin (Kanoe et al., 1995) ; and a number of extracellular enzymes including proteases and deoxyribonuclease (Nakagaki et al., 1991; Amoako et al., 1993; Tan et al., 1994b) . Among these factors, leukotoxin and endotoxic lipopolysaccharide have been investigated extensively and are believed to be the major virulence factors involved in fusobacterial infection (Emery et al., 1986b; Tan et al., 1996) . The importance of leukotoxin to the infectivity of F. necrophorum is evidenced by correlation between toxin production and ability to induce abscesses in laboratory animals (Coyle-Dennis and Lauerman, 1979; Emery et al., 1986b) and the inability of nonleukotoxin-producing strains to induce foot abscesses in cattle following intradermal inoculation (Emery et al., 1985) .
The difference in virulence between the two subspecies is attributed to the difference in the quantity and composition of lipopolysaccharide and in the amount of leukotoxin produced (Berg and Scanlan, 1982; Inoue et al., 1985; Tan et al., 1992) . Several investigators have reported that leukotoxin production is higher by subsp. necrophorum than by subsp. funduliforme (Berg and Scanlan, 1982; Tan et al., 1992) .
Fusobacterium necrophorum in the Rumen. F.
necrophorum is a normal inhabitant of the gastrointestinal tract of mammals (Langworth, 1977 Tan et al., 1994b) . The concentration in the rumen is in the range of 10 5 to 10 6 /g of ruminal contents. However, this concentration is influenced by the diet. The number of F. necrophorum cells in the rumen increased after the diet was changed from roughage ( 7 × 10 5 /g) to high-grain ( 3 to 7 × 10 6 /g; Tan et al., 1994c) . Because F. necrophorum uses lactate as the major substrate and not any sugars, the increased population in cattle fed the high-grain diet probably was due to an increased lactate availability in the rumen. F. necrophorum also is isolated frequently from ruminal walls exhibiting parakeratosis and rumenitis and less frequently from unaffected ruminal epithelium (Kanoe et al., 1978) .
Pathogenesis
Liver abscesses are secondary to the primary foci of infection in the ruminal wall. Smith (1944) was the first to observe a relationship between ulcerative lesions of the rumen and liver abscesses in feedlot cattle. Subsequently, Jensen et al. (1954a,b) confirmed this relationship, reported a high correlation for the occurrence of liver abscesses and ruminal pathology, and proposed the term "rumenitis-liver abscess complex" (Figure 4 ). However, Weiser et al. (1966) detected no correlation between incidence of liver abscesses and ruminal lesions. Although the precise pathogenic mechanism is not recognized, it is well accepted that ruminal lesions resulting from acidosis are the predisposing factors for hepatic abscesses (Jensen et al., 1954b) . Acid-induced rumenitis and damage of the protective surface usually are associated with a sudden change to high-energy diets and other dietary indiscretions such as a change in feeding patterns, allowing cattle to become overly hungry, feeding unpalatable diets, and feeding very little roughage (Elam, 1976) . The ruminal damage often is aggravated by foreign objects in the feed, sharp feed particles, or hair (Jensen et al., 1954c; Fell et al., 1972) .
The ruminal wall that is damaged from acidity or penetration of foreign objects becomes susceptible to invasion and colonization by F. necrophorum. After colonization has occurred, F. necrophorum can gain entry into the blood or cause ruminal wall abscesses and subsequently shed bacterial emboli to the portal circulation. Bacteria from the portal circulation are filtered by the liver, leading to infection and abscess formation ( Figure 5) .
Undoubtedly, the virulence factors of F. necrophorum play a critical role in the penetration and colonization of the ruminal epithelium and entry and establishment of infection in the liver. The protease activity, dermonecrotic activity, and cytotoxic effect of leukotoxin on ruminal cells may aid in penetration and colonization of the ruminal wall. The liver is a highly vascular, therefore richly oxygenated, and a highly defended organ because of its numerous phagocytic cells (leukocytes and Kupffer cells). Therefore, F. necrophorum, being an anaerobe, has to overcome both high oxygen concentrations and phagocytic mechanisms in order to survive, proliferate, and initiate abscess formation. The leukotoxin and endotoxic lipopolysaccharide of F. necrophorum may protect it from phagocytosis (Emery et al., 1986a,b; Tan et al., 1996) . Also, the release of cytolytic products such as lysosomal enzymes and oxygen metabolites, as a consequence of destruction of phagocytes, has a detrimental effect on the liver parenchyma. Synergism with facultative bacteria (Roberts, 1967a,b; Takeuchi et al., 1983) , intravascular coagulation induced by endotoxic lipopolysaccharide and platelet aggregation factor, formation of fibrin-encapsulated abscesses (Forrester et al., 1985) , and impairment of oxygen transport by damaged erythrocytes (action of hemolysin) all may contribute to the establishment of an anaerobic microenvironment conducive to the growth of anaerobic bacteria within the ruminal wall and liver.
Diagnosis
Liver abscesses are detected only at the time of slaughter, because cattle, even those that carry hundreds of small abscesses or several large abscesses, seldom exhibit any clinical signs. Occasionally, cattle may exhibit abdominal pain, or the rupture of a superficial abscess or erosion and perforation of the caudal vena cava could lead to extensive spread and massive infection of other organs and death (Rubarth, 1960) . Generally, hematology and liver function tests are not reliable indicators of liver abscesses (Haltenius and Jacobson, 1966; El Sabban et al., 1971) . In instances where abscesses were induced by experimental inoculation of F. necrophorum, hepatic dysfunction has been documented by elevated serum protein, bilirubin, and enzymes such as g-glutamyltransferase and sorbitol dehydrogenase concentrations Itabisashi et al., 1987a; Lechtenberg and Nagaraja, 1991) .
Ultrasonography, an imaging technique that permits visualization of soft tissues of internal organs, has been tested for liver abscess detection (Itabisashi et al., 1987b; Lechtenberg and Nagaraja, 1991) . The liver is an ideal organ for ultrasonographic imaging because of its location and tissue consistency. The usefulness of the technique for diagnosis of various liver abnormalities including abscesses in small animals has been well documented (Wrigly, 1985) . Ultrasonography is a useful technique for monitoring the onset and progression of experimentally induced abscesses when the site of injection is known. However, its application in feedlot cattle with naturally developed abscesses is limited; the ultrasonographic scanning cannot visualize the whole liver, particularly the left side facing the internal organs; also, parts of lobes are covered by other organs such as the lungs and kidneys.
Prevention
Antimicrobial Feed Additives. The control of liver abscesses in feedlot cattle generally has depended on the use of antimicrobial compounds. The antimicrobial sensitivity of F. necrophorum has been studied extensively (Shigidi, 1977; Simon, 1977; Berg and Scanlan, 1982; Baba et al., 1989; Lechtenberg and Nagaraja, 1989; Tan et al., 1994b) . In general, F. necrophorum is susceptible to penicillins, tetracyclines, and macrolides but resistant to aminoglycosides and ionophore antibiotics (Baba et al., 1989; Lechtenberg and Nagaraja, 1989) . This susceptibility to penicillins and macrolides and resistance to aminoglycosides is surprising, because the cell wall architecture of F. necrophorum is typical of Gram-negative bacteria (Garcia et al., 1992) . Susceptibility or resistance to antibiotics do not differ between the two subspecies (Lechtenberg and Nagaraja, 1989; Tan et al., 1994b) . The susceptibility pattern of A. pyogenes (the second most common organism in liver abscesses) to antimicrobial compounds is typical of Gram-positive bacteria (Specht et al., 1988) .
According to the U.S. Feed Additive Compendium (1997), five antibiotics (bacitracin methylene disalicylate, chlortetracycline, oxytetracycline, tylosin, and virginiamycin) are approved for prevention of liver abscesses in feedlot cattle. These antibiotics differ in their inhibitory effect on F. necrophorum and A. pyogenes (Table 3 ) and their effectiveness in preventing liver abscesses (Matsushima et al., 1954; Flint and Jensen, 1958; Dinusson et al., 1964; Haskins et al., 1967; Brown et al., 1973 Brown et al., , 1975 Potter et al., 1985; Vogel and Laudert, 1994; Rogers et al., 1995) . Bacitracin is the least effective and tylosin is the most effective of the five antibiotics; however, the minimum inhibitory concentrations of these antibiotics, except for bacitracin, do not seem to be related to their efficacy (Haskins et al., 1967; Brown et al., 1973; Rogers et al., 1995) . In addition to reduction in liver abscesses, feeding of certain antimicrobial compounds will improve weight gain and feed efficiency (Potter et al., 1985; Rogers et al., 1995) . Inclusion of ionophore antibiotics such as monensin, lasalocid, or laidlomycin Table 4 . Liver abscess control and feedlot performance of tylosin-and non-tylosin-fed cattle a a Vogel and Laudert, 1994. b Differs from control ( P < .01).
Item
Control Tylosin-fed % Improvement propionate has had no effect on abscess incidence in several studies (Berger et al., 1981; Potter et al., 1985; Tan et al., 1994a; Bauer et al., 1995) . Several studies have confirmed that the reduction in abscess incidence from tylosin feeding is 40 to 70% (Brown et al., 1975; Heinemann et al., 1978; Pendlum et al., 1978; Brink et al., 1990; Bartle and Preston, 1991; Tan et al., 1994a) . A summary of 40 trials involving a total of 6,971 cattle from all major cattle feeding areas of the United States showed that tylosin (11 g/metric ton of air dry feed or 90 mg·animal −1 ·d −1 ) feeding reduced the incidence of liver abscesses by 73% (Vogel and Laudert, 1994) . Cattle fed tylosin gained 2.1% faster, converted feed to gain 2.6% more efficiently, and yielded a slightly higher dressing percentage than the cattle fed no tylosin (Table 4) . The mode of action of tylosin is believed to be its inhibitory effect on F. necrophorum. Tylosin, a macrolide, is effective primarily against Gram-positive bacteria, but the Gram-negative F. necrophorum also is sensitive (Berg and Scanlan, 1982; Lechtenberg and Nagaraja, 1989; Tan et al., 1994b) . The inhibitory effect of tylosin on F. necrophorum may be in the rumen, the liver, or both. Although tylosin is partially absorbed from the gut (Gingerich et al., 1977) and could reach the liver, it is believed to exert its primary effect in the rumen. Dietary inclusion of tylosin has been shown to prevent the increase in ruminal populations of F. necrophorum associated with feeding high-grain diets (Nagaraja et al., 1996c) .
In addition to the inclusion of antimicrobial compounds in the feed, proper bunk management to minimize ruminal imbalance is well accepted as a key factor for effective control of liver abscesses. Some of the recommendations include adapting cattle to highgrain diets gradually, avoiding either under-or overfeeding, providing feed at several times per day to spread intake, increasing roughage content of the feed, imposing quality control in mixing feeds, and providing adequate bunk space and fresh, clean water (Jensen et al., 1954b; Elam, 1976; Hale, 1985; Bartle and Preston, 1991) . Regulatory restrictions on the number of feed additives that can be legally incorporated into the feed have encouraged some to use intermittent feeding (3, 5, or 7 d/mo) of high level (.5 to 2 g·animal −1 ·d −1 ) of chlortetracycline or oxytetracycline. However, benefits from such short-term, highlevel feeding of antibiotics have not been documented.
Vaccine. Antimicrobial compounds reduce the incidence of liver abscesses but do not eliminate the problem. Therefore, an effective vaccine would be highly desirable in the feedlot industry. The vaccine approach also would alleviate public health concerns associated with the use of subtherapeutic levels of antibiotics in the feed. Although the pathogenicity and virulence factors of F. necrophorum have been studied widely for many years, attempts to develop an effective vaccine against liver abscess have not been successful commercially.
Serum antibodies against F. necrophorum antigens have been detected in healthy and infected animals (Feldman et al., 1936; Simon and Stovell, 1969; Tan et al., 1994a) . Several investigators have attempted to induce protective immunity against F. necrophorum by using a variety of antigenic components. Attempts to induce protective immunity have included the use of whole-cell cultures (Roberts, 1970; Abe et al., 1976a; Cameron and Fuls, 1977; Conlon et al., 1977; Smith et al., 1985 Smith et al., , 1989 , cytoplasmic fractions (Garcia et al., 1974 (Garcia et al., , 1975a Garcia and McKay, 1978) , lipopolysaccharides (Garcia et al., 1974 (Garcia et al., , 1975a Abe et al., 1976a; Cameron and Fuls, 1977; Conlon et al., 1977; Smith et al., 1985 Smith et al., , 1989 , outer membrane proteins (Emery and Vaughn, 1986) , leukotoxins (Roberts, 1970; Garcia et al., 1975a; Clarke et al., 1986; Emery et al., 1986a,b; Saginala et al., 1996a,b) , and culture supernatants (Jensen et al., 1954c; Takeuchi et al., 1984; Saginala et al., 1996a Saginala et al., ,b, 1997 . Efficacy has varied from nil to significant protection.
Because leukotoxin is considered to be the primary virulence factor involved in the onset of liver abscesses, immunity directed against leukotoxin may be Figure 6 . Serum antileukotoxin antibody titers following vaccination with Fusobacterium necrophorum leukotoxoid vaccine in steers that did or did not develop liver abscesses in response to intraportal challenge with F. necrophorum (Saginala et al., 1996a) . related to protection. Leukotoxin of F. necrophorum, an exotoxin, is a high-molecular weight (> 300,000) protein (Tan et al., 1994d) ; therefore, it is strongly immunogenic (Tan et al., 1994a) . Garcia et al. (1974) were able to reduce the incidence of liver abscesses from 35 to 10% by immunization with a toxoid prepared from the cytoplasmic fraction of F. necrophorum. The cytoplasmic toxoid possibly contained leukotoxin. Clarke et al. (1986) reported that cattle injected with F. necrophorum culture supernatant containing leukotoxin had a lower incidence of foot rot caused by F. necrophorum. Cell-free culture supernatant of a high leukotoxin producing strain of F. necrophorum (Tan et al., 1992) , mixed with a suitable adjuvant, has been shown to elicit a high antileukotoxin antibody titer when injected in steers and provided significant protection to experimentally induced liver abscesses (Table 5 ; Saginala et al., 1996a Saginala et al., ,b, 1997 ). In such experimental challenge studies, the relationship between serum antileukotoxin antibody titers and protection was shown by lower antibody titers following vaccination for steers that developed liver abscesses than for those that did not (Figure 6 ). Further studies involving commercial feedlot cattle are needed to assess the benefit of a leukotoxoid vaccine to control liver abscesses.
Implications
Liver abscesses in feedlot cattle have a major economic impact in the beef industry because of liver condemnation and reduced animal performance and carcass yield. Prevention has largely involved the use of antimicrobial feed additives, particularly tylosin. A vaccine approach to control the problem may prove to be a preferable option.
